Echinoderms are important constituents of marine ecosystems, where they may influence the recruitment success of benthic flora and fauna, and are important consumers of detritus and plant materials. There are currently no described viruses of echinoderms. We used a viral metagenomic approach to examine viral consortia within three urchins -Colobocentrotus atratus, Tripneustes gratilla and Echinometra mathaei -which are common constituents of reef communities in the Hawaiian archipelago. Metagenomic libraries revealed the presence of bacteriophages and densoviruses (family Parvoviridae) in tissues of all three urchins. Densoviruses are known typically to infect terrestrial and aquatic arthropods. Urchin-associated densoviruses were detected by quantitative PCR in all tissues tested, and were also detected in filtered suspended matter (.0.2 mm) from plankton and in sediments at several locations near to where the urchins were collected for metagenomic analysis. To the best of our knowledge, this is the first report of echinoderm-associated viruses, which extends the known host range of parvoviruses.
Viruses play a crucial role in aquatic ecosystems, where they cause mortality of organisms from bacteria to whales. Despite their importance in ocean ecosystems, investigation of viruses associated with marine invertebrates has been restricted largely to commercially important taxa (Suttle, 2005) . There remain entire phyla for which there are no described viruses, most likely because conventional isolation techniques (e.g. cell culture) are either incompatible or inappropriate, cell lines are unavailable, or because these organisms do not attract scientific attention. Viral metagenomic studies, i.e. those not targeting a specific virus or group of viruses, have elucidated novel and unexpected lineages of viruses in invertebrates (Dunlap et al., 2013; Ng et al., 2010; Rosario et al., 2009a Rosario et al., , 2011 Rosario et al., , 2012 and vertebrates (Blinkova et al., 2010; Breitbart et al., 2008; Li et al., 2010; Ng et al., 2009a Ng et al., , b, 2011 Phan et al., 2011; Rosario et al., 2009b; Shan et al., 2011; Victoria et al., 2008) , and have revealed the astoundingly wide diversity of viruses in seawater (Angly et al., 2006; Breitbart et al., 2004 Breitbart et al., , 2002 Breitbart et al., , 2007 . Viral metagenomic studies afford the ability to probe ambient pools of viruses (i.e. viral surveillance; Ng et al., 2010) in marine invertebrate tissues, as well as providing targets for further investigation in disease diagnosis.
At present, there are no descriptions of viral consortia infecting the phylum Echinodermata. Among the echinoderms, urchins are both commercially and environmentally crucial constituents of benthic habitats. For example, overpopulation of urchins as a result of sea otter population decline threatened giant kelp forests on the Pacific coast of North America, as the herbivorous urchin taxa grazed on kelp sporophytes (Cowen et al., 1982) . Likewise, mortality of the Caribbean urchin Diadema resulted in intense macroalgal cover and habitat loss in Atlantic reefs (Carpenter, 1990) . Urchins are also important in fisheries in many parts of the world (i.e. sea urchin roe), where urchin catches are~80 000 t year 21 (Anderson et al., 2011) . Hence, surveillance of viruses as potential mortality agents is important to both food security and marine resource management and conservation.
There are several reasons to believe that echinoderms may be affected by viruses. Whilst most populations of echinoderms are long-lived in the absence of mortality factors (Bluhm et al., 1998) , bacteria and protozoan parasites can cause mortality of echinoderm populations in geographically isolated to region-wide populations (Jangoux, 1987) . For example, an amoebic epizootic is believed to have caused mass mortality of urchins on the Nova Scotia coast in 1999 (Brady & Scheibling, 2005 , 2006 , and pathogenic bacteria (including Vibrio) infected and caused mortality in Pacific urchins (Gilles & Pearse, 1986) . Whilst some mortality of echinoderms is believed to be caused by changes in salinity (Meng et al., 2011) , dissolved oxygen (Oweson et al., 2010) and other physical conditions (Stumpp et al., 2012) , survival of echinoids appears tightly controlled by overall body size (Ebert & Russell, 1993) and food supply (Lamare & Barker, 1999) . A particularly strong case for viral infection in echinoderms was the mass mortality of Diadema antillarum in the early 1980s, which demonstrated characteristics of viral epidemiology, including its spread from the origin (Panama Canal), transmission by material ,0.2 mm and near-100 % mortality of hosts (Lessios, 1988; Lessios et al., 1984a, b) . Decimated populations of D. antillarum had yet to fully recover 17 years later (Lessios, 2005) . The loss of D. antillarum led to significant impacts on reef ecosystems, altering the balance between live coral cover and macroalgal growth (Carpenter, 1990) . Whilst the sudden decline of echinoderm populations may be related to shifts in environment (e.g. restricted water flow or anoxia), the collapse of echinoderm populations in the absence of physical change is consistent with viral or other pathogenic attack.
The purpose of this study was to describe viruses associated with Hawaiian urchins. We used a viral metagenomics approach to study the diversity of viruses prepared from three Hawaiian urchins -the helmet urchin Colobocentrotus atratus, the collector urchin Tripneustes gratilla and the burrowing urchin Echinometra mathaei. Two specimens of each urchin species were obtained from waters near Mau'umae, the Big Island (20 u 19 00 N, 155 u 499 250 W) by snorkelling in January 2013. The urchins were dissected immediately into gonadal and digestive tract tissues, which were excised and placed into sterile 15 ml tubes and subsequently frozen on dry ice. In addition to urchin tissues, environmental samples (top 2 cm of sediments collected near rock surfaces and seawater) were collected from several locations on the west coast of the Big Island of Hawaii (Table 1) . Suspended matter in the seawater samples was collected by vacuum filtration over 47 mm, 0.2 mm Durapore filters. Both sediments and filters were frozen on dry ice and shipped to Cornell University for further analysis. Viral metagenomes were prepared following the approach of Ng et al. (2009a) . Urchin tissue samples were removed from storage at 280 u C and thawed. Once at room temperature, the tissue was amended with 20 ml 0.02 mm-filtered PBS. The tissues were ground in a sterile mortar and pestle for several minutes. Homogenates were centrifuged for 10 min at 5000 g. The supernatant was syringe filtered (0.2 mm polyethersulfone membrane) to remove cell debris and bacterial-sized particles. Filtrates were amended with polyethylene glycol 8000 (10 %, w/v), mixed by inversion for 1 min and precipitated overnight at 4 u C. Following precipitation, samples were centrifuged for 45 min at 12 000 g. The supernatants were removed by pipette and the viral pellets were suspended in 1 ml nuclease-free deionized water. Resuspended pellets were extracted with 200 ml CHCl 3 , inverted to mix and allowed to settle for 10 min at room temperature. Samples were centrifuged for 1 min at 15 000 g and the aqueous layer was transferred to a new microcentrifuge tube. Invitrogen TURBO DNase (14 U), Promega RNase One (20 U), 1 ml Benzonase Nuclease and 11.5 ml nuclease-free deionized water were added to each sample, which were incubated in a water bath at 37 u C for 3 h. After incubation, 20 mmol EDTA was added to each sample, which were then stored at 280 u C.
The absence of bacterial and eukaryotic genomic DNA was confirmed by PCR targeting the 16S rRNA and 18S rRNA genes, as described previously (Hewson et al., 2012) . DNA was extracted from purified viruses using the Zymo Research Viral DNA kit and extracted DNA was stored at 220 u C. Viral DNA was amplified using a GenomePlex Whole Genome Amplification (WGA2) kit (Sigma-Aldrich). Amplification products were purified using a Zymo Research DNA Clean and Concentrator kit. Whole-genome amplicons were then subjected to Illumina MiSeq sequencing at the Cornell Core Sequencing Center, where each library comprised 1/12th of a single lane (the lane was shared with unrelated projects) of paired-end 250 bp sequences. Resulting forward and reverse Illumina read sequences were imported into CLC Genomics Workbench 4.0. De novo assembly was conducted on sequence reads using the assembly algorithm in the CLC Genomics Workbench, with length fraction 0.5, similarity 0.8, global alignment, vote on uncertain nucleotides, non-specific matches randomized and minimum contiguous sequence length of 500 nt. Next, ORFs were identified on contiguous sequences using the getorf algorithm (EMBOSS). The resulting sequences were subjected to BLASTX analysis against the National Center for Biotechnology Information (NCBI) non-redundant protein database at the Cyberinfrastructure for Advanced Microbial Ecology Research & Analysis (CAMERA2). The strongest ORF similarity (i.e. lowest E-value) per contig was used in further analyses. The number of reads per contiguous sequence was mapped to phylogenetic affiliation for appropriate statistical analysis. Sequence information for this project has been deposited at the NCBI under BioProject PRJNA223197.
Sequencing of viral metagenomes prepared from three species of Hawaiian urchins yielded between 0.29610 6 and 2.2610 6 sequence reads (Fig. 1) . These reads assembled into 936-10 289 contigs, which recruited 40-80 % of reads in each library. Of these, between 25 and 76 % of reads were recruited to contigs that could be phylogenetically assigned using our approach, and, of annotated reads, only 0.5-22 % of reads matched viral genomes. The remainder of reads matched either bacterial or eukaryotic (including host) genome fragments, in line with previous studies employing similar viral genome isolation protocols (Hewson et al., 2012 (Hewson et al., , 2013a . Eukaryotic and bacterial annotations may also result from viral genes that are homologous with bacterial or eukaryotic genes. Of the viral annotations, phages comprised the bulk of reads (80 % in C. atratus, 94 % in T. gratilla and 88 % in E. mathaei). Bacteria have been found within healthy integument tissues of echinoderms (Becker et al., 2007 (Becker et al., , 2009 ). The remaining viral hits were contiguous sequences related to densoviruses (family Parvoviridae) in two urchins (T. gratilla: 3 % of reads; E.
Discovery of urchin-associated densoviruses mathaei: 76 % of reads), and to megaviruses (8 %), phycodnaviruses (0.4 %) and densoviruses (1 %) in C. atratus. Whilst it is possible that the origin of densovirus sequences was from another organism consumed by the urchins, this is unlikely, as we targeted gonads away from the digestive tract of the animal.
Parvoviruses are ssDNA viruses with non-enveloped icosahedral capsids, and linear genomes that are 3-5 kb in length, containing two or three genes. The family Parvoviridae is subdivided into two subfamilies, Densovirinae and Parvovirinae, where parvoviruses typically infect vertebrate hosts, whilst densoviruses typically infect invertebrates (Siegl et al., 1985) . Replication, and disease symptoms caused by parvoviruses vary in hosts, and may depend on infection by other viruses (e.g. adeno-associated virus; Casto et al., 1967) , and infected hosts may show no disease symptoms (Berns & Parrish, 2007) . Parvoviruses may form persistent infections in their hosts and are endogenous within widespread metazoan genomes (Liu et al., 2011) . For example, in a study of Penaeus stylirostris densovirus (also reported as an infectious hypodermal and haematopoietic necrosis virus), the presence of the virus in aquacultured black tiger shrimp caused no deleterious impacts on their hosts, but rather delayed mortality by the white spot syndrome virus (family Baculoviridae) when compared with ponds lacking the densovirus (Molthathong et al., 2013) .
However, the presence of Penaeus merguiensis densovirus in its host resulted in stunting of post-larvae, and there was a significant and negative correlation between healthy individuals and the number of animals with densovirus-induced lesions (Owens et al., 2011) . Furthermore, densoviruses caused 90 % mortality of juvenile blue shrimp in Hawaiian waters in the early 1980s (Bell & Lightner, 1984; Lightner et al., 1983) . Because the urchins sampled as part of this study did not exhibit obvious disease symptoms, we speculate that the densoviruses recovered from urchins may represent infections that are not in isolation responsible for disease.
The phylogeny of three viral sequences matching densoviruses was determined by comparison with the nearest cultivated virus sequence as determined by BLASTN against the non-redundant database at the NCBI (Fig. 2) . Similar complete genome sequences covering the proteins detected as part of the metaviromic sequencing efforts were aligned using CLUSTAL W (Thompson et al., 1994) . Phylogenetic analyses of these parvoviruses demonstrated that they were related to densoviruses that typically infect terrestrial arthropods, and were distinct from bocaviruses and parvoviruses infecting terrestrial vertebrates. From this alignment, quantitative PCR primers and probe were designed using Primer3 (Rozen & Skaletsky, 2000) around two of these viruses from C. atratus and E. mathaei. These were used subsequently in quantitative PCR applied to tissue DNA extracts and to environmental samples, to confirm that tissues were inhabited by densoviruses and to explore the environmental presence of the densoviruses, respectively. DNA was extracted from filters containing the ¢0.2 mm-size fraction of plankton using a Bacterial and Fungal DNA kit (Zymo Research), from sediment samples (~200 mg) using a Soil Microbe kit (Zymo Research) and from echinoderm tissue subsamples (~200 mg) using an Insect and Tissue Mini kit (Zymo Research), in each case following manufacturer's protocols.
Quantitative (i.e. real-time) PCR was conducted on tissue and environmental samples in duplicate, where each quantitative PCR run comprised samples, no-template controls and duplicate oligonucleotide standards over eight orders of magnitude of gene copy from 10 8 to 10 1 copies per reaction. Quantitative PCRs consisted of 16 TaqMan Universal Master Mix II, no UNG (Life Technologies), 200 pmol each of primers DensoEchinF (59-TGCTGCARTATATMRRACTC-CARTG-39) and DensoEchinR (59-AARTRGCYAATGGAT-ATGGTTTT-39), and probe DensoEchinPr (59-TGGRMAG-MTGCCCCTTACYTAAAGGA-39) labelled at the 59 end with 6-carboxyfluorescein (FAM) and the 39 end with tetramethylrhodamine (TAMRA), and 2 ml extracted DNA in 25 ml reactions. Thermal cycling was performed in an ABI 7300 real-time thermal cycler. Thermal cycling comprised an initial denaturing step at 95 u C for 5 min, followed by 60 cycles of denaturing (95 u C for 30 s) and annealing (54 u C for 30 s). The fluorescence threshold was determined automatically by the ABI 7300 software as the least R 2 of standard cycle threshold (C t ) compared to the copy number of a synthetic oligonucleotide (59-GATGCTGCAGTATATAAAACTCCAA-TGATAATACTCACTAATAAAAATATTAACTTAATGAAT-GATCCTACTTTTAAAGATAGAATGGTACAATTTAGAT-GGAAAGCTGCCCCTTACTTAAAGGATTATAATAAAA-AACCATATCCATTAGCCATTTAT-39). Genotype copy number was corrected for total extraction volume and multiplied by 2 to correct for double-stranded to singlestranded standards comparison. A sample was scored as Affiliation of viral sequences. The taxonomic affiliation was determined by BLASTX of contiguous sequences against the nonredundant database at the NCBI (E,0.001), where reads recruiting to contigs were then used to express the number of reads per organism.
Discovery of urchin-associated densoviruses detected if both replicates had .10 copies of viral genotype and the quantity detected was not more than one order of magnitude between replicates.
Urchin densovirus genotype copies were detected in every tissue tested (Table 1 ). The detected densoviruses did not represent endogenous viruses, as our viral metagenomic isolation technique targeted capsid-associated virus-sized (i.e. ,0.2 mm) particles that were nuclease resistant and would not detect integrated parvoviral genomes. Despite these observations, it is possible that the formation of virus particles does not result in host disease, as release of viral progeny may be sublethal or occur only in eliminated tissues. Urchin densoviruses were also detected in environmental, non-urchin samples at most locations tested (Table 1) . Urchin densoviruses were detected in sediment and water column samples in almost all bays tested, with the exception of Kiholo Bay. Detection of densoviruses within material .0.2 mm in the water column was unexpected, as free virions would typically pass through 0.2 mm filters. We speculate that these densoviruses may be present in negatively buoyant gametes (McEdward, 1986; Thomas, 1994) or fragments of urchin tissues.
Our discovery of densoviruses in Hawaiian urchins is, to the best of our knowledge, the first observation of viruses in the Echinodermata, and the first observation of parvoviruses outside of vertebrate and arthropod hosts. Whilst we cannot associate the detected viruses with disease, our data suggest that densoviruses may be dispersed locally in the environment. As other parvoviruses have apparent beneficial and deleterious impacts when co-infected by other viruses, we speculate that infection of Hawaiian urchins by these parvoviruses may influence the ecology of their hosts either as agents of disease or in prevention of disease. Future research should establish the pathogenicity of the detected urchin viruses and quantify their role in host ecology. Rapid global expansion of invertebrate fisheries: trends, drivers, and ecosystem effects. PLoS ONE 6, e14735. Phylogenetic representation based on a 191 aa alignment of densovirus non-structural protein 1 (NS1), including closest relatives based on BLASTN comparison against the nonredundant database at the NCBI. The alignment was performed by CLUSTAL W and the tree drawn using neighbour-joining. Bootstrap values of 1000 tree iterations that are .50 % are indicated at branch nodes. The full alignment used in preparation of this tree is provided in Fig. S1 (available in the online Supplementary Material).
